At atmospheric pressure, the usual flow conditions in the cold wall horizontal rectangular thermal CVD reactors correspond to steady longitudinal thermoconvective rolls that make non uniform vapor depositions, in shape of longitudinal parallel ridges. In order to get more uniform depositions, the pressure is generally lowered under the atmospheric pressure to promote forced convection flows, instead of mixed convection ones. In the present paper, using three-dimensional direct numerical simulations, we propose and analyse a method to get uniform deposition without lowering the pressure in the reactor. It consists in adequately exciting the parallel thermoconvective rolls at channel inlet to make them unsteady, periodic 
Introduction
This paper presents numerical simulations of the flow and transport phenomena in a horizontal rectangular thermal CVD reactor. This type of reactor was probably the most used for high volume production of silicon epitaxial wafers till the 1970s and is probably the most widely investigated configuration. It still remains an important configuration for research, for low-pressure and low temperature metal-organic CVD (MOCVD) (see Ern et al. [1, 2] ), for Ti-Si CVD (see Pons et al. [3] ) and for the on-line Atmospheric Pressure CVD (APCVD) of coatings on float glass in the glass industry (see Gordon [4] , Sheel and Pemble [5] ). As reviewed by Kleijn [6] and Mahajan [7] , the two most studied chemical systems in this reactor type have been those conducting to the silicon growth from silane and to the GaAs growth from trimethylgallium and arsine. More recently, this reactor has also been used to deposit epitaxial layers of silicon carbide at atmospheric pressure and at high temperature (see Kuczmarski [8] , Meziere et al. [9] , Nishizawa and Pons [10] ).
In all cases, the working principle of this reactor type is the following: a gaseous mixture made of a neutral gas (hydrogen or less often nitrogen) and of one or several diluted reactive gases (silane, trimethylgallium and arsine, organo-metallic tin compounds ...) is injected in the reactor. The gaseous mixture flows over a heated substrate placed on the bottom plate of the reactor. Under pyrolysis effects, chemical reactions occur in the gaseous mixture and on the substrate surface on which the desired material deposits. However, depending on the gas nature and on the deposition type, the working conditions vary. The rectangular chamber of the horizontal thermal reactors can have "cold walls" (near the ambient temperature: T c~3 00 K) or "hot walls". The substrate temperature T h varies between 700 and 950 K for the on-line APCVD in the glass industry [4, 5, 11] , between 800 and 1100 K for MOCVD [1, 2, 12] , between 1050 and 1400 K for silicon epitaxy [7, 12] and up to 1900 K for silicon carbide CVD [8] [9] [10] . The Prandtl number is Pr≈0. 7 
. The Reynolds number Re is generally smaller than 100, except in some online or scrolling CVD processes like in the APCVD reactors used on float-glass in the flat glass industry. In this case, Re is O(100) or higher because the
average velocity of the gas mixture must be higher than the scrolling velocity of the glass ribbon (see below). The channel height H varies between 1 to 10 cm and the substrate is generally tilted by a small angle of 2 to 10° to the horizontal to permit a more uniform vapor deposition in the axial direction (see Mahajan [7] , Park and Pak [13] ). As a consequence, the Rayleigh number Ra can vary between small values (<1500) at the lowest values of H and of the pressure (~10 3 Pa for MOCVD) and can reach Ra=80000 (for hydrogen) and Ra=3.5×10 6 (for air and nitrogen) at the atmospheric pressure, for the highest H values (H=10 cm) and the smallest average temperature ((T c +T h )/2=500 K). Therefore, when Ra<1500, the flow regime is a forced convection flow, with sometimes a steady transversal roll at the leading edge of the heated plate as shown by Visser et al. [14] and Ingle and Mountziaris [15] . The flow regime is a laminar mixed convection flow that can be steady or unsteady, periodic or non-periodic, when
2000<Ra<O (10 5 ) , and that becomes chaotic and even turbulent when Ra~O (10 6 ) [16] [17] [18] [19] .
Consequently, the horizontal rectangular reactors, with cold walls, a horizontal heated substrate and a pressure close to the atmospheric pressure exactly correspond to the Poiseuille-Rayleigh-Bénard (PRB) configuration, that is to say mixed convection flows in horizontal rectangular channels heated from below. Furthermore, for the above parameters (for Pr≈0.7, Re=O(100) and Ra>2000), it is well known that the PRB flow patterns are steady longitudinal thermoconvective rolls (see Kelly [20] and Nicolas [21] for exhaustive and recent reviews on PRB flows and on their stability). As a consequence, such a thermoconvective flow in a CVD reactor of this type makes transversally non uniform vapor depositions, in shape of longitudinal and parallel ridges (see Moffat and Jensen [22, 23] and Kleijn and Hoogendoorn [24] ). That is why the pressure is generally lowered under the atmospheric pressure in CVD reactors: the density of the gaseous mixture decreases, which promotes forced convection flows and more uniform deposits (since the Rayleigh number is proportional to the square of density). However, this increases the cost of the CVD reactors and of the produced materials. Furthermore, lowering the pressure is sometimes impossible, as is the case of the APCVD reactors on the production lines of float glass for instance. [20, 21, 27] . In the extreme case, when B→∞, the transversal rolls cannot appear since the longitudinal rolls are always more unstable than the transversal rolls. In the present simulations, the models used to simulate the flows, the mass and heat transfers are the same as those proposed by Chiu et al. [37] . In particular, the flow model is the NavierStokes equation under the Boussinesq approximation with the physical properties computed at the arithmetic average temperature, as partly justified by Chiu et al. [37] and Wang et al. [38] .
Only one heterogeneous reaction on the substrate is taken into account. It is well known that this reaction can be controlled either by the kinetics of the reaction or by the mass diffusion of the reacting species towards the substrate (see Mahajan [7] for instance). 
(g)→Si(s)+2H 2 (g), where (g) and (s) refer to gas and solid states respectively.
In the following, the mathematical formulation of the treated problem, comprising the channel geometry, the model equations, the boundary conditions and the kinetics model of the heterogeneous chemical reaction, is first given and the adopted hypotheses are discussed. 
Mathematical model

Geometry and governing equations
The horizontal CVD reactor considered in this study is shown in Figure 1 . It is a horizontal rectangular channel of height H, width l and length L, heated from below. The cold top wall is is considered as much diluted in the carrier gas (H 2 ) so that the dilute approximations can be applied (see Bird and al. [40] ). Thus, as it is often done for the simulation of many CVD systems (see Mahajan [7] , Chiu et al. [37] , Pons and Baillet [39] Giving the following reference quantities: H, U mean , H/U mean , ρ°U mean 2 and Ω 0 for the lengths, the mixture velocity, the time, the mixture pressure and the silane mass fraction respectively, and defining the mixture reduced temperature θ=(T-T c )/(T h -T c ), the dimensionless governing equations for continuity, momentum, energy and species are as follows:
is the mixture velocity vector, k r the upward unit vector, p the deviation of the mixture pressure from the hydrostatic pressure, ω the reduced mass fraction of silane,
Re the Reynolds number (=U mean H/ν°), Ra the Rayleigh number (=gβ°(T h -T c )H 3 /(ν°α°)), Pr the Prandtl number (=ν°/α°) and Sc the Schmidt number (=ν°/D°). The mixture density ρ°, the thermal expansion coefficient β°, the kinematic viscosity ν°, the thermal diffusivity α°, the ordinary binary diffusion coefficient of silane into hydrogen D° and the thermal diffusion factor α T° are all evaluated at the arithmetic average temperature T°=(T h +T c )/2. The last term in brackets in equation (4) 
Boundary conditions
At the inlet, the velocity profile of the H 2 /SiH 4 mixture is a "3D" Poiseuille profile. The analytical expression of this profile is given by Shah and London [41] and the details of its computation can be found in Nicolas et al. [27] . By noting u Pois (y,z) its dimensionless form, the inlet boundary conditions are the following:
at x=-A e , u=u Pois (y,z), v=w=0, θ=0 and ω=1.
The cold or adiabatic horizontal and vertical walls are impermeable non-reacting walls. The mass flux is zero at these walls and no-slip conditions are imposed:
On the reacting bottom plate, i.e. on the isothermally heated surface of the susceptor, the mass transfer is obtained by performing the mass balance on silicon: the convective and diffusive mass fluxes of silane normal to the susceptor must be equal to the rate of disappearance of silane through the surface reaction making silicon deposition: SiH 4 →Si+2H 2 . To be strictly exact, the total mass flux at the susceptor surface being different from zero, the vertical velocity component of the gaseous mixture do not vanish (see Mahajan [7] and Pons and Baillet [39] 
At the outlet, a non-reflective boundary condition adapted from Orlanski [42] is used for u, v, w and θ and the gradient of ω is set equal to zero:
for f=u, v, w and θ and . 0 x / = ∂ ω ∂
Reaction rate and deposition rate
The reaction rate R, of silicon on the substrate is a semi-empirical datum given in [kg/m 2 s]. In real silicon CVD reactors, there are usually several reactive species and numerous homogeneous and heterogeneous reactions. To get a realistic silicon growth rate with a simplified CVD model using a binary mixture like the H 2 /SiH 4 mixture, the reaction rate R is usually adapted to express the deposition behaviour resulting from the whole species and reactions. This is what is proposed by Pons and Baillet [39] . Their reaction rate R writes:
where γ SiH4 =4.017×10 -2 exp(-5021/T h ) is the silane sticking coefficient, i.e. its probability to deposit on the substrate for a given temperature, ρ h =ρ(T h ) is the mixture density at substrate temperature, R=8.314 J/(mol.K) is the universal gas constant and M SiH4 =32.12 g/mol is the silane molecular weight. As already mentioned, for the flow parameters of the present study, the reaction rate (5) corresponds to high Damköhler numbers (5.6≤Da≤7.1).
In the following, the uniformity of the deposition will be analysed from the time average deposition rate of silicon, <G>, at the susceptor surface. This quantity is defined from the local deposition rate of silicon, G. It expresses the molar balance between silane and silicon in the heterogeneous reaction at the susceptor surface. G and <G> are defined by:
with the time T long enough to get constant time averages. For the sinuous roll flows, T will be equal to five time periods of the sinuous rolls. Note that, after a flow time long enough, the shape of the deposition (its thickness) can be likened to the shape of the average deposition rate <G>, since the former is obtained by the time integration of the latter. G and <G> are generally given in [µm/min].
Physical properties and flow parameters
To evaluate the reference density ρ°=ρ(T°) and ρ h =ρ(T h ) in equation (5), the gaseous mixture is considered as an incompressible ideal gas: ρ=P 0 M/(RT), where P 0 is the inlet mixture pressure and M=(Σ i (ω i /M i )) -1 is the mixture molecular weight, with i=(SiH 4 , H 2 ). P 0 can be considered equal to the atmospheric pressure and constant in the whole reactor because the pressure variation is negligible in an open channel such as those investigated in the present study. As proposed by Chiu et al. [37] and Wang et al. [38] , the physical properties of the mixture are computed at the arithmetic average temperature T°. In the present paper, ν°, α°, C p° and D° are computed from the H 2 and SiH 4 properties, evaluated at atmospheric pressure, T°=600 K and Ω°=2%, using the data collected by Mahajan [7] (in Table 1 , page 363 and formulae (65-68), page 365, of reference [7] ). The values of the thermal diffusion factor α T° for diluted silane in hydrogen (or nitrogen) are extracted from Holstein [43] . β°=1/T° since the gaseous mixtures are considered as ideal gases. All these properties are given in table 1 with those of the N 2 /SiH 4 mixture for comparisons.
In the present paper, T°=600 K because the silicon depositions are compared for six different PRB flows of a H 2 /SiH 4 mixture injected into the reactor at T c =300K, at atmospheric pressure, with the silane mass fraction Ω 0 =2% and with the substrate heated at T h =900 K. The six PRB flows correspond to three different flow classes, defined by the parameters given in 
Validity of the Boussinesq approximation
In spite of the great temperature difference in the present study (ε=(T h -T c )/T c =2), the Boussinesq approximation is adopted on the basis of the works of Wang et al. [38] and Chiu et al. [37] . Indeed, Wang et al. [38] have numerically investigated 3D PRB flows using both a variable property (VP) formulation (full model) and several constant property formulations the CP(T°) model predicts the deposition rate of silicon with less than 6% deviation from the VP model over the range of temperature considered. Since, in our study, the conditions are very close to those of [37, 38] (see table 2 ) and since we are mainly interested in the shape of the vapor depositions resulting from particular flow patterns, the results of the present paper will be able to be considered as qualitatively valid and the analysis as pertinent.
Numerical methods and validations
The system of equations (1-4) with the boundary conditions of section 2.2 is solved using a very efficient finite difference method which is optimized for vectorial computers. The time discretization scheme is the second-order Adams-Bashforth scheme. The equations are discretized in space on uniform, Cartesian and staggered grids by a second-order central scheme for the diffusive terms and a second order upwind scheme for the convective terms.
The time integration and the velocity-pressure coupling are computed by Goda's algorithm [46] . It is a projection method which consists in two main steps: prediction and projection. In the prediction step, after having obtained the temperature field, an approximated nondivergence-free velocity field is computed by solving three Helmholtz equations (one for each velocity component) obtained by explicitly treating the pressure gradient in the momentum equation. In the projection step, the non-divergence-free velocity field is projected into a divergence-free subspace. This projection results from the application of the incompressibility constraint and is done by solving a Poisson equation for the pressure increment between two time steps. Thus, during one time step, the energy equation (3) is first solved, then the momentum equation (2), under the incompressibility constraint (1) and the species equation The single species version of the present code has been used to simulate mixed convection flows (see Nicolas et al. [33] and Pabiou et al. [34] ) and a detailed validation of this code is presented in Benzaoui et al. [45] . The second order space and time accuracies of the computed solutions are verified. The code is also validated through comparisons with experimental measurements made for PRB flows, concerning steady longitudinal rolls in nitrogen, both unsteady transverse and steady longitudinal rolls in water and convectively unstable wavy rolls in an air channel [35] . The code is shown to be able to finely reproduce these experimental works. We therefore consider here that it is validated to simulate the flows and the heat transfers in rectangular CVD reactors.
To validate the implementation of the species equation and the model of surface deposition in the code, the numerical results have been compared with analytical solutions and excellent agreement has been obtained (see Benzaoui [47] for the details). Furthermore, comparisons with the experimental measurements of Eversteyn et al. [48] and with the 2D numerical simulations of Chiu et al. [37] and Chiu and Jaluria [49] 
where the partial pressures P SiH4 and P H2 are in [atm] and the susceptor temperature T h is in
Kelvin. The mathematical model is the Boussinesq model without Soret effect presented herein but the constant physical properties are computed at the "integral average temperature" (see [37, 49] for its definition). The dimensionless parameters are Re=11.8, Ra=94.6, Pr=0.66
and Sc=1.54. To be able to reproduce the 2D numerical simulations of Chiu et al. [37] and Chiu and Jaluria [49] , slip conditions are imposed on the vertical lateral walls in our 3D code:
the spanwise velocity component v is zero and Neuman boundary conditions are imposed on u, w, T and ω. The number of nodes in the spanwise direction is also reduced at 5 nodes to avoid the appearance of potential three-dimensional flow patterns. The mesh size is N x ×N y ×N z =500×5×40 (where N i is the mesh size in the space direction i). The deposition rates of silicon along the susceptor, measured by Eversteyn et al. [48] and computed by Chiu et al. [37] and by the present study are presented in figure 3 . The results of the 2D numerical simulations are in a very good accordance with each other and in qualitative agreement with the experiments. We therefore consider that our code is fully validated.
Analysis of the results
According to the temporal linear stability analysis of Clever and Busse [28] and Xin et al.
[50], the numerical simulations and the experiments of Nicolas et al. [33] , Pabiou et al. [34, 35] and Benzaoui et al. [45] , it is well known that a convective instability of the steady longitudinal rolls in a PRB flow is an unsteady wavy (or sinuous) roll flow in which the thermoconvective rolls snake in the mean flow direction. In the case of air flows (Pr=0.7) and channels of large spanwise aspect ratio (B≥10) in which a permanent excitation is sustained (by a mechanical agitator at channel inlet, for instance), the wavy rolls develop approximately for 80<Re(<1000) and 3000<Ra(<30000) (the upper limits are not yet clearly defined). The wave length, time period, amplitude and space growth rate of the wavy rolls vary with Ra and
Re and with the frequency and the amplitude of the excitation. Pabiou et al. [35] and wavy rolls, with high space growth rates, for PRB flows at Pr=0.7, B=10, 100≤Re≤174 and 6300≤Ra≤9000. In view of these results, we have empirically fixed the agitator parameters for the flow of the present study to get well amplified wavy rolls (see table 2 
where Ra // *=1708 is the critical Rayleigh number for the appearance of the longitudinal rolls. Thus, using correlation (8) [35, 45, 50] .
Once the six flows of figure 4 are fully established, the average deposition rate of silicon on the substrate, <G>, is computed. The three-dimensional surfaces of <G> are presented in figure 5 . Furthermore, to have a better precision, transversal profiles of <G> in several axial positions are extracted from figure 5 and presented in figure 6 . In the present simulated flows, since the Damköhler numbers are large (Da=5.6 for cases 1 and 3 and Da=7.1 for case 2), as soon as a silane molecule is close to the susceptor, it is adsorbed and the deposition shape is completely controlled by the flow structure and the transport of silane to the susceptor. In the triangular zone at the channel entrance, the flow is nearly parallel to the horizontal walls and the silane molecules can only reach the susceptor by downward diffusion. As a consequence (see figure 5 ), the deposition rate is very high at the leading edge of the susceptor (x=1)
because the mass fraction of silane is maximum. Just downstream, due to the silane depletion near to the susceptor, the deposition rate of silicon quickly becomes very small. The end of the diffusive triangular zone is marked by the appearance of the thermoconvective rolls, i.e.
by . Indeed, at the channel center, whatever the axial coordinate may be, the magnitude of the oscillations of <G> is around 75% of its average value: for instance, at x=100 and 4≤y≤6 in figure 6 (a), the oscillation magnitude is 0.03 µm/min when the average is 0.04 µm/min. For the wavy roll flows, compared with the longitudinal roll flows, the <G> oscillation relative amplitude, in the central zone of the channel, is divided by two for x≥80 and it nearly vanishes for x≥100 in case 1 ( figure 6(a) ). In case 2 ( figure 6(b) ), for a higher Rayleigh number, this relative amplitude is divided by two ≈ R x for x≥60 and becomes very small for x≥80. It is divided by two for x≥20 and becomes very small for x≥40 in case 3 ( figure 6(c) 
Discussion and conclusion
In this paper, to simulate and to analyse the thin film deposition in cold wall rectangular APCVD reactors, simplified models for the flow and heat and mass transfers and for the heterogeneous reactions are used. The flow model, based on the Boussinesq approximations and on the high dilution approximations, is justified thanks to results extracted from literature [37, 38] . In this paper, another solution based on our expertise in the control of the sinuous rolls in PRB flows [33-35, 44, 45, 50] is proposed. This alternative consists in exciting the longitudinal rolls, by a sinusoidal mechanical excitation at the channel inlet, to make them wavy, unsteady and periodic. By choosing an appropriate excitation frequency, the 3D numerical simulations show that well-amplified sinuous rolls can develop in the reactor and replace the longitudinal rolls. This generates more uniform time average deposition where the wavy rolls are fully developed, that is after the thermal entrance zone and sufficiently far from the lateral vertical walls of the reactor. This solution to make the deposition more uniform is shown to be worth being investigated when the surface Damköhler number is large and when the CVD reactors have large aspect ratios to allow the full amplification of the wavy rolls.
This situation is found for instance in the online APCVD reactors used to make coatings on float glass. Indeed, the production line of flat glass can reach four metres wide and the channel of the on-line APCVD reactor can reach one meter long when its height varies between one and two centimetres. 
